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ABSTRACT
The observational signatures of prominences have been detected in single and binary
G and K type stars for many years now, but recently this has been extended to the M
dwarf regime. Prominences carry away both mass and angular momentum when they
are ejected and the impact of this mass on any orbiting planets may be important
for the evolution of exoplanetary atmospheres. By means of the classification used
in the massive star community, that involves knowledge of two parameters (the co-
rotation and Alfve´n radii, rK and rA), we have determined which cool stars could
support prominences. From a model of mechanical support, we have determined that
the prominence mass mp/M? = (EM/EG)(r?/rK )2F where EMB2?r3? and EG = GM2?/r?
are magnetic and gravitational energies and F is a geometric factor. Our calculated
masses and ejection frequencies (typically 1016 − 1017g and 0.4 d, respectively) are
consistent with observations and are sufficient to ensure that an exoplanet orbiting in
the habitable zone of an M dwarf could suffer frequent impacts.
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1 INTRODUCTION
Prominences are clouds of cool, mainly neutral gas that are
magnetically supported within stellar coronae. On the Sun
they are detected mainly in the Balmer series, especially in H
α, either in absorption on the solar disk, or in emission on the
solar limb. Stellar “slingshot” prominences are also detected
as a transient features in the H α line. The first example
was the rapidly rotating K0 star AB Dor (Collier Cameron
& Robinson 1989a,b; Collier Cameron et al. 1990), but since
then, prominences have been found in fast rotators (Jeffries
1993; Byrne et al. 1996; Barnes et al. 2000), T Tauri stars
(Eibe 1998; Donati et al. 2000; Dunstone et al. 2006), binary
systems (Steeghs et al. 1996; Watson et al. 2007; Parsons
et al. 2011) and recently in M dwarfs (Vida et al. 2016). The
intriguing dips seen in K2 observations of many M dwarfs
may also be due to a prominence-like phenomenon, where
dust may be entrained with the gas (Stauffer et al. 2017).
The accumulation of mass along closed magnetic field
structures and its support against centrifugal ejection has
been modelled in several different ways. Ferreira (2000) and
Jardine et al. (2001) found the existence of stable mechani-
cal equilibria for different types of magnetic configurations.
At these points, the component of the effective gravity along
the field line is zero and yields a potential minimum. This
approach explains the existence of prominences within the
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closed magnetic field of the stellar corona. The large dis-
tances of many prominences from the stellar rotation axis
(for example between 3 and 5 stellar radii for AB Dor (Col-
lier Cameron & Robinson 1989a)), however, requires very
extended coronae on these stars. More recently, Jardine &
van Ballegooijen (2005) showed that the support of this type
of prominences is possible above the cusps of helmet stream-
ers. This allows prominence to exist well beyond the stellar
corona, trapped within magnetic loops embedded in the stel-
lar wind.
The issue of plasma accumulation in closed magnetic
field structures has also been studied in the massive star
community. Rotationally modulated emission in the Balmer
lines has been explained, by means of stellar magnetic
field confinement, in the massive star σ Ori E (Land-
street & Borra 1978). These stars have radiatively-driven
winds that are powered by the stellar luminosity. The solar-
like stars, by comparison, have thermally (or centrifugally)
driven winds that are ultimately powered by the stellar mag-
netic field. Massive stars have been classified as those with
“centrifugally-supported magnetospheres” that can support
a stable accumulation of mass in the closed magnetosphere
and those with “dynamical magnetospheres” where this sta-
ble support is not possible (Petit et al. 2013).
In this work, we apply the classification used for massive
stars to a sample of 47 low-mass stars whose surface mag-
netic fields have been mapped. For the prominence-bearing
stars, we calculate, the mass, mass loss rate, lifetime and
angular momentum loss of the possible prominences.
© 2017 The Authors
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2 INPUT PARAMETERS
Our stellar sample is presented in Table 1. Updated values
of the surface averaged field strengths of both the axisym-
metric component and the non-axisymmetric component of
the magnetic dipole are taken from See et al. (2017). We ex-
tract only the dipole term from the full spherical harmonic
expansion of the field to ensure consistency within the sam-
ple, since the number of harmonics that can be fitted mean-
ingfully depends on the rotation rate of the star. It is also
the most relevant mode since it decays most slowly with
height above the surface and so will dominate at the heights
at which prominences are supported. We use mass loss rates
from See et al. (2017). These are calculated using the PFFS
method of Altschuler & Newkirk (1969) to determine the 3D
coronal magnetic field geometry and the relation of Arge &
Pizzo (2000) to determine the stellar wind velocity from the
expansion of the magnetic field lines. The stellar wind den-
sity is obtained by scaling the solar wind density at 1 AU in
same manner as Jardine & Collier Cameron (2008) and See
et al. (2015a). The mass loss rate then follows by integrating
over a spherical surface. We calculate the equatorial Alfve´n
radius from a Weber-Davis model (Weber & Davis 1967) us-
ing the numerical code from Johnstone (2017), based on the
Versatile Advection Code (VAC) (To´th 1996) and coronal
temperatures calculated using the relation Tcor = 0.11 F0.26x
from Johnstone & Gu¨del (2015).
3 MAGNETIC CONFINEMENT-ROTATION
DIAGRAM
Following Petit et al. (2013) we classify stars by their co-
rotation radius (rK =
3
√
GM∗/Ω2) and their Alfve´n radius
(rA) where the wind speed equals the local Alfve´n speed
such that uwind = B/
√
4piρ. We show in Fig. 1 both the high-
mass stars from Petit et al. (2013) and our sample of low-
mass stars. The Sun is included as reference denoted by the
symbol with a black filled circle in the middle. The stars with
“dynamical magnetospheres”lie above the dashed line in Fig.
1. For these stars, rK > rA and so any closed magnetic field
lines lie below the co-rotation radius. Even if material does
accumulate on these field lines, it cannot be supported and
so will fall back towards the star on a dynamical time-scale
(Sundqvist et al. 2012). In our sample, all solar-like stars and
hot Jupiter hosts lie, together with the Sun, in this regime.
Stars with “centrifugal magnetospheres” that may be able
to support material lie below the dashed line and so have
rK < rA. Surprisingly, young suns together with M dwarfs in
our sample can be found on both sides of the dashed line.
We note that the high- and low-mass stars tend to
occupy different parts of this parameter plane. While the
high-mass stars with their dense winds may have smaller
co-rotation and Alfve´n radii, it is the low-mass stars with
their lower-density winds that are able to exhibit large co-
rotation and Alfve´n radii. Both the high-mass and low-mass
stars lie on either side of the rA = rK line. However, it is the
rapidly-rotating stars within each sample that tend to lie in
the centrifugal confinement regime and so may be expected
to trap material in their coronae.
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Figure 1. Magnetic confinement-rotation diagram: log-log plot
of rK /r∗ versus rA/r∗ for the stellar sample in Table 1 (symbols
with black border) and the sample of massive stars from the work
of Petit et al. (2013). The size of the symbol denotes the stellar
mass, while its colour denotes the stellar rotation period. The
dashed line indicates rK = rA.
4 SLINGSHOT PROMINENCE
CHARACTERISTICS
To estimate the properties of slingshot prominences for the
stars in the centrifugal regime, we assume a rigidly-rotating
dipolar magnetic field aligned with the stellar rotation axis.
Mass accumulates at stable equilibrium points, at a rate
determined by the stellar wind, until equilibrium is lost and
the material is ejected.
Both Ferreira (2000) and Townsend & Owocki (2005)
demonstrate that these stable equilibrium points exist in
the equatorial plane at a minimum radius of 0.87 rK . They
correspond to the minimum of an effective potential calcu-
lated along a magnetic field line, and represent probable lo-
cations for plasma accumulation. The limit to the mass that
can be supported can be estimated by equating the mag-
netic tension to the effective gravitational force. This gives
a maximum density:
ρb(r) ∼
B2(r)
4piRc
1
[Ω2r − GM?
r2
]
(1)
where Rc is the local radius of curvature. We assume that Rc
does not change during the prominence formation, i.e. that
the formation time is slow compared to the dynamical time
on which the prominence mass is released when equilibrium
is lost. Considering that the prominence has a volume given
by its area in the equatorial plane dAp = rdφdr and its height
hp, which we take equal to Rc (appropriate for a prominence
temperature of 105 K), the mass within a dV is:
mp(r) = ρbdAphp . (2)
The total mass of the prominence is therefore given by inte-
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Table 1. Physical properties of the star sample taken from See et al. (2015b, 2017) and Vidotto et al. (2014) (based
on the BCool and Toupies surveysa ). Lx values are taken from Vidotto et al. (2014), except for the case of V439 And
that was taken from Barbera et al. (1993).
Name Mass Radius Ω 〈Bdip〉 ÛM[×10−12] Log(Lx) Tcor rK rA
[M] [r] [Ω] [G] [M/yr] [erg s−1] [MK] [r∗] [r∗]
Solar-like stars
HD 3651 0.88 0.88 0.63 2.90 0.15 27.23 1.68 56.6 10.72
HD 10476 0.82 0.82 1.70 1.62 0.08 27.15 1.66 30.5 8.21
κ Ceti 1.03 0.95 11.37 10.9 0.66 28.79 4.12 19.8 14.3
 Eri 0.86 0.77 9.97 11.73 0.40 28.32 3.46 24.6 14.0
HD 39587 1.03 1.05 5.67 5.37 0.77 28.99 4.40 11.5 7.3
HD 56124 1.03 1.01 1.51 1.94 0.13 29.44 5.88 28.9 5.7
HD 72905 1.00 1.00 5.45 6.69 0.60 28.97 4.46 12.3 9.4
HD 73350 1.04 0.98 2.21 4.94 0.45 28.76 3.98 23.2 8.5
HD 75332 1.21 1.24 5.67 5.14 0.61 29.56 5.68 10.3 8.2
HD 76151 1.24 0.98 1.33 2.71 0.20 28.34 3.09 34.5 8.1
HD 78366 1.34 1.03 2.39 10.44 0.82 28.94 4.32 22.8 13.0
HD 101501 0.85 0.90 1.55 7.61 0.37 28.22 3.01 30.0 13.5
ξ Boo A 0.85 0.84 4.86 14.07 0.8 28.86 4.58 15.0 13.6
ξ Boo B 0.72 1.07 2.64 9.34 0.98 27.97 2.37 16.7 12.7
18 Sco 0.98 1.02 1.20 0.78 0.07 26.8 1.20 32.8 7.9
HD 166435 1.04 0.99 8.01 8.64 0.64 29.5 6.16 9.7 10.2
HD 175726 1.06 1.06 6.98 4.21 0.55 29.1 4.68 10.0 6.7
HD 190771 0.96 0.98 3.10 6.24 0.39 29.13 4.96 18.0 10.1
61 Cyg A 0.66 0.62 0.80 2.52 0.06 28.22 3.65 62.2 7.9
HN Peg 1.085 1.04 5.92 8.87 0.82 29 4.45 11.5 10.9
Young suns
AB Dor 1.0 1.0 54.47 105.10 7.97 30.06 8.57 2.6 24.6
HII 739 1.08 1.03 10.09 7.44 0.74 29.33 5.45 8.1 8.9
HIP 12545 0.58 0.57 5.67 73.94 2.04 30.29 13.18 17.5 20.4
V439 And 0.95 0.92 4.39 9.51 0.62 29.06a 4.92 15.2 11.4
Hot Jupiter hosts
τ Boo 1.34 1.42 9.08 1.12 0.25 28.94 3.65 6.8 4.5
HD 46375 0.97 0.86 0.65 1.96 0.09 27.45 1.94 58.5 9.1
HD 73256 1.05 0.89 1.95 3.54 0.22 28.53 3.64 27.9 8.4
HD 102195 0.87 0.82 2.21 6.62 0.25 28.46 3.65 26.1 12.4
HD 130322 0.79 0.83 1.04 1.82 0.08 27.62 2.19 41.2 8.1
HD 179949 1.21 1.19 3.58 1.60 0.18 28.61 3.29 14.6 6.0
HD 189733 0.82 0.76 2.18 6.52 0.33 28.26 3.37 27.9 10.5
M Dwarf stars
CE Boo 0.48 0.43 1.85 98.66 1.55 28.4 4.92 46.0 31.7
DS Leo 0.58 0.52 1.95 32.82 0.53 28.3 4.20 39.2 23.7
GJ 182 0.75 0.82 6.33 72.57 3.59 29.6 7.22 12.3 25.7
GJ 49 0.57 0.51 1.46 15.66 0.27 28 3.54 48.0 17.2
AD Leo 0.42 0.38 12.38 166.10 3.12 28.73 6.39 14.0 30.5
DT Vir 0.59 0.53 9.39 59.15 1.28 28.92 6.03 13.5 24.6
EQ Peg A 0.39 0.35 24.76 365.63 2.52 28.83 7.08 9.4 61.9
EQ Peg B 0.25 0.25 68.09 379.10 1.75 28.19 5.75 5.8 54.0
EV Lac 0.32 0.3 6.19 433.30 3.25 28.37 5.83 25.8 60.1
DX Cnc 0.10 0.11 54.47 63.72 0.05 27.61 6.23 11.2 26.8
GJ 1156 0.14 0.16 54.47 60.53 0.13 27.69 5.38 8.6 24.1
GJ 1245B 0.12 0.14 38.91 79.96 0.12 27.35 4.70 11.7 30.4
OT Ser 0.55 0.49 8.01 66.25 1.67 28.8 5.84 15.9 22.7
V374 Peg 0.28 0.28 54.47 539.61 2.63 28.36 6.01 6.2 67.6
WX Uma 0.10 0.12 34.05 1190.64 1.34 27.57 5.81 14.0 97.4
YZ Cmi 0.32 0.29 9.73 526.83 4.12 28.33 5.79 19.7 62.7
a BCool and Toupies surveys published in: Petit (in preparation) Boro Saikia et al. (2015); do Nascimento et al.
(2014); Donati et al. (2003, 2008); Fares et al. (2009, 2010, 2012, 2013); Folsom et al. (2016); Morin et al.
(2008a,b, 2010); Jeffers et al. (2014); Petit et al. (2008) and Waite et al. (2011).
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Figure 2. Prominence masses (shown by symbol size) and life-
times (shown by colour) for all the stars in the centrifugal regime
presented in Table 2. The insert shows the symbol size of a typical
large solar prominence of 1015 [g].
grating over its radial and azimuthal extent to obtain:
mp
M?
=
EM
EG
(
r?
rK
)2
F, (3)
where the magnetic and gravitational energies are EM =
B2?r
3
? and EG = GM
2
?/r?. F is a geometric factor that ac-
counts for the integration in r and φ. In terms of r¯ = r/rK ,
F is given by
F =
∆φ
4pi
[
1
r¯2
− 1
3
ln
(
1 − r¯3
(1 − r¯)2
)
+
2√
3
tan−1
(
2r¯ + 1√
3
)] r¯max
r¯min
. (4)
The mass ejection rate from the prominence can be cal-
culated from the mass loss rate of the stellar wind per unit
area, multiplied by the footpoint area of the prominence-
bearing loop (the factor of 2 accounts for the two foot-points
at the star). The relation between the areas is given by the
conservation of magnetic flux dAp = B?dA?/Bp, where Bp is
the magnetic field at the prominence (B ∼ (r?/r)3B?). We
therefore obtain:
Ûmp =
ÛM?
4pir2?
2dA?. (5)
From this last parameter it is possible to calculate the maxi-
mum angular momentum loss, ÛJp = ÛmpΩr2, evaluated at the
prominence position and their lifetime, tp = mp/ Ûmp.
5 RESULTS AND DISCUSSION
The prominence characteristics were calculated for those
stars in our sample that lie in the centrifugal regime, guided
by typical values for the AB Dor prominences. The integra-
tions were made between (1.2 − 1.4) rK , corresponding to a
radial extent of (3−5) r? and an azimuthal extent of ∆φ = 40◦
that corresponds to a prominence area covering 20% of the
stellar disc. The results are shown in Table 2 and plotted in
Fig. 2, where colour denotes prominence lifetimes and sym-
bol size denotes the prominence masses scaled to the value
of a typical large solar prominence. We find that the most
massive prominences correspond to the fast rotators in our
sample: AB Dor, V374 Peg, EQ Peg A and EQ Peg B. The
values found for AB Dor are consistent with the ones de-
rived in the work of Collier Cameron et al. (1990) which
reports typical masses between 2 − 6 × 1017 g and typical
projected areas of 15-20 % of the stellar disc. This is several
orders of magnitude larger than masses of large solar promi-
nences. Minimum masses of 1016g derived from observations
of V374 Peg by Vida et al. (2016) and 8 × 1017g for AD Leo
(Houdebine et al. 1990) are also consistent with our values.
Prominence lifetimes depend not only on the promi-
nence mass, but also on the rate at which that mass can be
supplied by the stellar wind. Our calculated values show a
significant spread, but are of the order of hours, consistent
with observations. The rate at which these mass ejections
may impact on orbiting planets depends not only on the life-
times of individual prominences, but also on their number,
their latitude of ejection and their rate of expansion, factors
which are governed by the geometry of the stellar magnetic
field. Khodachenko et al. (2007) estimate that exoplanets
orbiting in the habitable zones of M dwarfs would suffer
continuous impacts from stellar ejecta if the stellar ejection
rate exceeded 36 per day. The M dwarfs in our sample show
on average typical lifetimes for prominences of 0.4 days. If
these prominences are continually formed and ejected, this
lifetime corresponds to an ejection rate of a minimum of 2
per day for each prominence site. If each prominence has an
angular extent of 40◦ in longitude, this gives an equatorial
ejection rate for the star of 18 per day.
The continuous ejection of prominences also comprises a
contribution to the mass loss rate from the star. Prominence
ejection opens up field lines that would otherwise be closed
and allows the closed-field regions of the star to contribute
to the overall stellar mass loss. This mass loss may have a
different character to the ambient wind that is carried on
open field lines, in a similar way to the differences between
the fast and slow solar wind components. For AB Dor, the
mass loss carried by each prominence is about 16 % of the
value obtained if the entire stellar surface contributed to
the stellar wind. We note that these may be overestimates,
since we are not considering any filamentary structure within
the prominence. In future, allowing the prominence material
to deform the magnetic field may provide better estimates
of prominence mass. The angular momentum loss through
prominence ejection calculated for AB Dor is less than 1% of
the angular momentum loss in the wind and remains small
for the rest of the sample.
6 CONCLUSION AND SUMMARY
Guided by studies of magnetospheric confinement in massive
stars, we have classified a sample of magnetically-mapped
low-mass stars by their ability to confine material in their
coronae. We find that despite the very different nature of
their winds, low-mass and high-mass stars share common
features in their ability to support material within their coro-
nae. This classification, in terms of the stellar co-rotation
radius and wind Alfve´n radius, reveals that rapidly rotating
MNRAS 000, 1–6 (2017)
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Table 2. Physical characteristics of prominences.
Name mp tp Ûmp ÛJp EMEG
[g] [d] [10−12 M/yr] [1032 erg] [10−13 ]
Young Suns
AB Dor 1.9e18 0.3 1.3e0 4.5e0 6.9
HII 12545 6.2e15 0.02 5.6e-2 2.9e-1 1.8
M Dwarf stars
GJ 182 4.1e16 0.3 2.9e-2 1.7e-1 4.4
AD Leo 1.8e16 0.3 1.2e-2 3.8e-2 4.5
DT Vir 1.5e15 0.1 2.8e-3 1.2e-2 0.2
EQ Peg A 9.9e17 0.4 5.1e-2 1.2e-1 12.0
EQ Peg B 2.0e17 0.4 8.2e-2 1.0e-1 14.0
EV Lac 2.0e16 0.6 5.7e-3 1.9e-2 22.0
DX Cnc 1.0e14 0.3 7.1e-5 5.4e-5 0.07
GJ 1156 5.3e14 0.2 4.3e-4 4.1e-4 0.1
GJ 1245B 4.4e14 0.3 2.7e-4 2.6e-4 0.3
OT Ser 4.6e15 0.2 4.0e-3 1.8e-2 1.1
V374 Peg 4.1e17 0.5 1.6e-1 2.4e-1 30.0
WX Uma 4.1e16 0.9 7.9e-3 7.0e-3 43.0
YZ Cmi 4.5e16 0.6 1.4e-2 4.2e-2 29.0
cool stars are the most likely to support cool clouds (known
as “slingshot prominences”) in their coronae.
Our model of centrifugal support provides the promi-
nence mass in terms of observationally-accessible quantities:
the dipole magnetic field strength, the mass, radius and ro-
tation rate of the star. This prominence mass depends on the
ratio of the stellar magnetic to gravitational energy, modi-
fied by a dependence on rotation rate. This suggests that
M dwarfs, which typically show strong magnetic fields and
rapid rotation, should host large prominences.
Not all M dwarfs show strong fields, however. The very
low-mass stars in the lower left region of Fig. 2 exhibit a bi-
modal behaviour: either strong, simple fields or weak, com-
plex fields (Morin et al. 2011). Prominence masses in these
stars should therefore also show a bimodal distribution.
The dependence of prominence mass on magnetic field
strength and rotation rate suggests that as stars lose an-
gular momentum in their winds and therefore spin down,
the masses of the prominences they can support should de-
crease. Stars will evolve out of the regime of “centrifugally
supported magnetospheres” on a timescale that depends on
the spin-down rate of the star. During this regime, promi-
nences will continually form and be ejected, providing an
intermittent addition to the ambient stellar wind.
Both the derived lifetimes and masses of prominences
are consistent with observations and suggest that an exo-
planet orbiting in the habitable zone of an M dwarf may be
exposed to frequent prominence impacts.
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